Introduction {#s0001}
============

Defined as increased adiposity, obesity is closely related with insulin resistance, hyperglycemia and hyperlipidemia, and often progresses to metabolic diseases,[@cit0001] In obese individuals, energy intake exceeds energy consumption, and excess energy accumulates in the form of triacylglycerides (TG), predominantly in white adipose tissue (WAT). As an organ, WAT not only stores energy, but also participates in endocrine activity by secreting adipose tissue-derived cytokines, known as adipokines. As obesity progresses, WAT secretes less anti-inflammatory adipokines, such as adiponectin, and more proinflammatory adipokines, such as IL6 (interleukin 6) and TNF (tumor necrosis factor), which contributes to the development of insulin resistance and type 2 diabetes.[@cit0003] Obese WAT appears to undergo chronic and low-grade inflammatory conditions with infiltration of M1 macrophages.[@cit0005] More recently, activation of NLRP3 (NLR family, pyrin domain containing 3), an inflammasome consisting of NLRP3, PYCARD/ASC (PYD and CARD domain containing) and CASP1 (caspase 1) cysteine protease, reportedly contributes to onset of inflammation in WAT both in diet-induced and genetically obese mice.[@cit0006] In response to stress signaling, such as reactive oxygen species (ROS) or TNF, the NLRP3 inflammasome interacts with 45-kDa pro-CASP1, leading to its cleavage into 2 active forms: p20 and p10. Activation of CASP1 results in processing of IL1B (interleukin 1 β) and IL18 (interleukin 18), which promotes inflammation.[@cit0006] It is widely accepted that obese WAT exhibits a senescence-like phenotype including upregulation of TP53, (tumor protein p53; in the nomenclature for TP53/TRP53/p53, note that the mouse nomenclature is TRP53, "transformation related protein 53," whereas the rat nomenclature is TP53, but we use TP53 hereafter to refer to both the human and murine genes/proteins for simplicity) and its downstream target, CDKN1A/p21.[@cit0009] This phenotype, which shows positivity for senescence-associated GLB1/β-galactosidase (SA-GLB1) and increased production of proinflammatory cytokines including TNF and CCL2 (C-C motif chemokine ligand 2), is involved in insulin resistance and diabetes in a TP53-dependent manner.[@cit0011]

Autophagy is a cellular catabolic process occurring via lysosomal clearance that can be divided into 3 main types: macroautophagy, microautophagy and chaperone-mediated autophagy. In the present study, we focused on macroautophagy (hereafter referred to as autophagy). In this process, damaged organelles and proteins are sequestered inside double-membrane vesicles, autophagosomes, which fuse with acidic lysosomes to form autolysosomes that degrade the intramembranous contents. Thus, autophagy plays an important role in cell, tissue and organism homeostasis, and has been implicated in a diverse range of pathologies including cancer, neurodegeneration and diabetes.[@cit0012] Mice with systemic deletion of the autophagy-related genes *Atg5* or *Atg7* exhibit accumulation of mitochondrial mass and increased β-oxidation in WAT, as well as enhanced insulin sensitivity with a reduction in plasma LEP (leptin) levels. Moreover, these mice show resistance to high fat diet (HFD)-induced obesity. Collectively, these findings indicate that autophagy regulates characteristics of both adipocytes and adipose tissue.[@cit0015] However, it remains unclear whether autophagy is activated or suppressed in obese WAT because of technical difficulties analyzing autophagy function in vivo.[@cit0017] Ost and colleagues report increases of autophagosomes in obese WAT obtained from diabetic patients and autophagic flux analyzed using an MAP1LC3/LC3 (microtubule-associated protein 1 light chain 3) turnover assay with both rapamycin and chloroquine.[@cit0018] In contrast, we and another group report impairment of autophagic flux in WAT of obese mice, which results in accumulation of autophagosomes.[@cit0019]

As lysosomal destabilization and CTSB activation occur in WAT during early development of obesity, leading to adipocyte cell death and macrophage infiltration,[@cit0021] we focused on lysosomal impairment to clarify discrepancies among previous reports. As an acid organelle involved in various cellular functions including autophagy,[@cit0022] lysosomes contain more than 50 hydrolytic enzymes, such as proteases, lipases and nucleases, that are critical for autophagic degradation. CTSB, CTSL and CTSD (cathepsin D) are the most abundant lysosomal proteases.[@cit0023] We show here that lysosomal dysfunction, particularly functional derangement of CTSB and CTSL, causes early pathologies in obese adipose tissue including autophagosome accumulation, enhanced cellular senescence and activated inflammasomes.

Results {#s0002}
=======

Autophagic flux in obese WAT {#s0002-0001}
----------------------------

To examine whether autophagic flux is activated or suppressed in obese WAT, we analyzed expression levels of autophagy-related proteins in WAT of obese mice. Along with body weight and WAT mass, conversion of LC3-I to LC3-II and expression levels of SQSTM1/p62 (sequestosome 1) protein were significantly increased in obese WAT ([Fig. 1A](#f0001){ref-type="fig"} to [C](#f0001){ref-type="fig"}). In contrast, ATG5 and BECN1/Beclin 1, which also participate in the autophagy machinery, were unchanged in obese WAT ([Fig. 1A, D](#f0001){ref-type="fig"} and [E](#f0001){ref-type="fig"}). The amount of LC3-II is considered to generally represent both the number of autophagosomes[@cit0024] and SQSTM1 protein selectively degraded by autophagy.[@cit0025] Thus, while our findings imply alteration of autophagy in WAT of HFD mice, it is difficult to confirm whether autophagy is accelerated or suppressed because LC3-II upregulation indicates both enhancement of autophagic clearance and accumulation of autophagosomes.[@cit0026] Figure 1.HFD treatment induced obesity and upregulated expression of certain autophagy-related proteins in WAT. (A to E) Total protein extracted from WAT of ND mice or 18HFD mice analyzed by western blot using anti-SQSTM1, LC3, BECN1, ATG5 and GAPDH antibodies (A) with quantitative data shown (B to E). Representative images and the quantitative data (ND: n = 13, HFD: n = 9) were shown. Intensity of GAPDH was used as a loading control. Values indicate mean ± SD (ND: n = 13, HFD: n = 9). Differences between values were analyzed by the Student *t* test. Statistical significance shown as \**P* \< 0.05, \*\**P* \< 0.01.

To analyze autophagic flux more accurately, an LC3-II turnover assay has recently become more widely used.[@cit0026] First, we applied the LC3-II turnover assay in ex vivo WAT, as previously reported.[@cit0027] In this assay, WAT explants were incubated with or without chloroquine, an inhibitor of lysosomal acidification and autophagic clearance. Compared with normal diet (ND) mice, chloroquine significantly increased expression levels of both LC3-II and SQSTM1 in WAT of HFD mice ([Fig. 2A](#f0002){ref-type="fig"} to [C](#f0002){ref-type="fig"}), also as previously reported.[@cit0027] A SQSTM1 turnover assay with or without addition of rapamycin, an inhibitor of MTORC1 (mechanistic target of rapamycin complex 1) activity and autophagy activator, resulted in an observed reduction of SQSTM1 expression in WAT of ND mice, but not HFD mice. Moreover, rapamycin treatment increased LC3-II in obese WAT ([Fig. 2A, D](#f0002){ref-type="fig"} and [E](#f0002){ref-type="fig"}). Overall, these ex vivo analyses suggest autophagosome formation was accelerated in obese WAT, however, autophagic clearance was likely impaired. Figure 2.Autophagosome formation was accelerating but lysosomal clearance was impaired. WAT explants from ND or 30HFD mice were incubated in the presence or absence of 10 mM chloroquine (chloro) or 500 nM rapamycin (rapa) for 24 h, and then samples were collected and assayed. Total protein extracted from WAT was analyzed by western blot using anti-SQSTM1, LC3 and GAPDH antibodies (A) with quantitative data shown (B to E). Representative images and the quantitative data (n = 4) were shown. Intensity of GAPDH was used as a loading control. Values indicate mean ± SD (n = 6). Differences between values were analyzed by the Student *t* test. Statistical significance shown as \**P* \< 0.05, \*\**P* \< 0.01.

Lysosomal function in obese WAT {#s0002-0002}
-------------------------------

To assess the contribution of various molecular cathepsin species to autophagy in adipocytes, we performed experiments using 2 cathepsin inhibitors: E64-d, which selectively inhibits CTSL and CTSB, and pepstatin A, a selective inhibitor of CTSD and CTSE (cathepsin E). While E64-d treatment increased LC3-II and SQSTM1 expression, pepstatin A did not, indicating CTSL and/or CTSB play an important role in autophagy for adipocytes (Fig. S1). Therefore, we focused on CTSL and CTSB in WAT and 3T3L1 adipocytes. Cathepsins are synthesized in the endoplasmic reticulum (ER), processed post-translationally and shuttled to the lysosome, where they are processed proteolytically into procathepsins for cathepsin maturation under acidic conditions.[@cit0029] Compared with ND mice, pro-CTSL expression was upregulated in WAT of HFD mice; however, mature CTSL expression was significantly downregulated (Fig. S2A to C). Similarly, enzymatic activity of CTSL was significantly decreased in obese WAT (Fig. S2D); in contrast, expression of both pro- and mature forms of CTSB was upregulated in obese WAT (Fig. S2A, F and G). Enzymatic activity and *Ctsb* mRNA expression were equally upregulated in obese WAT (Fig. S2H and I). *Ctsl* mRNA expression was upregulated in obese WAT in a similar manner (Fig. S2E).

In addition, to clarify whether obesity itself affects downregulation of CTSL activity, we analyzed the WAT of LEP-deficient, genetically obese mice (ob/ob) fed a ND or HFD (Fig. S3A to C). As protein levels of GAPDH (glyceraldehyde-3-phosphate dehydrogenase) in ob/ob mice were markedly upregulated, as shown in Figure S4A and B, individual protein levels were standardized to total protein level for evaluation. Similar to the results observed for HFD mice, conversion of LC3-I to LC3-II and expression levels of SQSTM1 protein were significantly increased in ob/ob mice, particularly in ob/ob HFD mice (Fig. S4C to E). The mature form of CTSL protein and its activity were significantly downregulated, while *Ctsl* mRNA levels were increased (Fig. S4C and G to I). The mature form of CTSB protein was unchanged, which was inconsistent with results obtained in HFD mice (Fig. S2G); however, *Ctsb* mRNA levels and its protein activity were significantly increased (Fig. S4C and J to L). These results suggest that mature CTSL protein and its activity were suppressed, while the activity of CTSB was significantly enhanced in WAT derived from both HFD-induced and genetically obese mice.

To further elucidate mechanisms underlying dysregulation of cathepsins in obese WAT, alterations in cathepsin expression and enzymatic activity induced by HFD were analyzed over a time-course (Fig. S5A to C). Pro-CTSL protein expression was significantly increased in the 4HFD group (HFD intake for 4 wk); moreover, CTSL activity declined significantly this group ([Fig. 3A, B](#f0003){ref-type="fig"} and [D](#f0003){ref-type="fig"}). In the 8HFD group, mature CTSL protein expression was significantly decreased ([Fig. 3A](#f0003){ref-type="fig"} and [C](#f0003){ref-type="fig"}). In contrast, pro- and mature CTSB expression was significantly and slightly increased in 4HFD animals ([Fig. 3A, F](#f0003){ref-type="fig"} and [G](#f0003){ref-type="fig"}), respectively, and activity was significantly increased in the 8HFD group ([Fig. 3H](#f0003){ref-type="fig"}). Both *Ctsl* and *Ctsb* mRNA expressions were significantly increased in 4HFD, 8HFD and 18HFD animals ([Fig. 3E](#f0003){ref-type="fig"} and [I](#f0003){ref-type="fig"}). As it has recently been reported that TFEB (transcription factor EB) transcriptionally regulates autophagy and lysosomal biogenesis, and is involved in cellular lipid metabolism,[@cit0030] we predicted that upregulation of *Ctsl* and *Ctsb* mRNA was induced through TFEB. Upon investigating TFEB protein expression in obese WAT, we found it was not upregulated in 4HFD, 8HFD or 18HFD animals, and was significantly decreased in 8HFD (Fig. S6A and B). This indicates upregulation of *Ctsl* and *Ctsb* mRNA expression is unlikely to be dependent on TFEB. We also examined alterations in levels of *Lc3b* and *Sqstm1* mRNA transcripts in obese WAT. The results showed that *Lc3b* mRNA expression was decreased in 8HFD and 18HFD mice, while *Sqstm1* mRNA expression was significantly increased in 4HFD, 8HFD and 18HFD animals ([Fig. 3K](#f0003){ref-type="fig"} and [M](#f0003){ref-type="fig"}). In obese WAT, however, the increased ratio of SQSTM1 protein markedly exaggerated that of *Sqstm1* mRNA, particularly in 8HFD and 18HFD groups ([Fig. 3L](#f0003){ref-type="fig"} and [M](#f0003){ref-type="fig"}), suggesting increased LC3-II and SQSTM1 was not caused by significant upregulation of transcription. Interestingly, downregulation of CTSL enzymatic activity appeared to precede upregulation of CTSB expression based on these findings. Therefore, we considered the enzymatic activity of CTSL to be primarily suppressed in obese WAT, whereby compensatory activation of CTSB expression subsequently occurred in a transcription- and/or post-transcription-dependent manner. Such deviation within cathepsin regulatory mechanisms may lead to impaired autophagic clearance. Figure 3.Dysregulation of cathepsins was observed in HFD-induced obese WAT. (A) Total protein extracted from WAT of ND, 4HFD, 8HFD and 18HFD mice analyzed by western blot using anti-LAMP2, CTSL, CTSB, SQSTM1, LC3 and GAPDH antibodies (A) with quantitative data shown (B, C, F, G, J and L). Representative images and the quantitative data (n = 4) were shown. Intensity of GAPDH was used as a loading control (n = 4). Enzymatic assay of CTSL (D) and CTSB (H) in WAT of ND, 4HFD, 8HFD and 18HFD mice, as indicated, analyzed by selective substrate. mRNA expression of *Ctsl* (E), *Ctsb* (I), *Lc3b* (K) and *Sqstm1* (M) in WAT of ND, 4HFD, 8HFD and 18HFD mice, as indicated, analyzed by real-time RT-PCR (n = 4). Data were normalized against *Tbp* (n = 4). Values indicate mean ± SD. Differences between values were analyzed by the Student *t* test with Bonferroni correction \**P* \< 0.05, \*\**P* \< 0.01.

Effect of CTSL inhibition on CTSB expression in 3T3L1 adipocytes {#s0002-0003}
----------------------------------------------------------------

To establish whether CTSL inhibition causes an increase in CTSB expression, we treated 3T3L1 adipocytes with a CTSL-selective inhibitor (Z-FY-CHO), CTSB-selective inhibitor (CA074ME), or a CTSL and CTSB inhibitor (E64-d). Ten micromolar Z-FY-CHO treatment increased CTSL activity, but 100 μM treatment resulted in a marked decrease ([Fig. 4A](#f0004){ref-type="fig"}). Both LC3-II and SQSTM1 protein levels increased significantly with 100 μM Z-FY-CHO treatment, indicating accumulation of autophagosomes occurs with CTSL suppression ([Fig. 4C, D](#f0004){ref-type="fig"} and [E](#f0004){ref-type="fig"}). Autophagosome accumulation induced by 10 μg/mL E64-d treatment produced similar results. Surprisingly, Z-FY-CHO treatment increased CTSB activity, indicating CTSL suppression caused compensatory activation of CTSB ([Fig. 4B](#f0004){ref-type="fig"}). Z-FY-CHO treatment also increased *Ctsl* and *Ctsb* mRNA expression ([Fig. 4F](#f0004){ref-type="fig"} and [G](#f0004){ref-type="fig"}). In contrast, CA074ME treatment did not markedly increase expression of these mRNAs ([Fig. 4F](#f0004){ref-type="fig"} and [G](#f0004){ref-type="fig"}). Figure 4.CTSL inhibition impaired autophagic flux in 3T3L1 adipocytes and enhanced CTSB activity. 3T3L1 preadipocytes were differentiated into adipocytes at day 11 and treated with 10 to 100 μM CTSL inhibitor, Z-FY-CHO, or 10 μg/mL cathepsin inhibitor, E64-d. Adipocytes were harvested and analyzed. Enzymatic assay of CTSL (A) and CTSB (B) analyzed by selective substrate. Total cell lysates analyzed by western blot using anti-SQSTM1, CTSL, LC3 and LMNB1 antibodies (C) with quantitative data shown (D and E). Representative images and the quantitative data (n = 4) were shown. Intensity of LMNB1 was used as a loading control (n = 4). 3T3L1 preadipocytes were differentiated into adipocytes at d 11 and treated with 100 μM Z-FY-CHO or 10 μM CTSB inhibitor, CA074ME. Adipocytes were harvested and analyzed. mRNA expression of *Ctsl* (F) and *Ctsb* (G) were analyzed by real-time RT-PCR (n = 4). Data were normalized against *Rps18* (n = 4). Values indicate mean ± SD. Differences between values were analyzed by Tukey-Kramer method with \**P* \< 0.05, \*\**P* \< 0.01.

Expression of CIDEC/Fsp27 (cell death inducing DFFA like effector c), a marker for lipid droplet and adipocyte differentiation, and size of lipid droplets decreased significantly with knockdown of CTSL in 3T3L1 adipocytes (Fig. S7A and B); whereas, expression of LC3-II protein significantly increased ([Fig. 5A](#f0005){ref-type="fig"} to [C](#f0005){ref-type="fig"}). Surprisingly, under the same conditions, CTSB activity was accelerated ([Fig. 5D](#f0005){ref-type="fig"}). These findings indicate downregulation of CTSL suppressed adipocyte differentiation while inducing autophagosome accumulation and compensatory activation of CTSB. Figure 5.CTSL knockdown promoted complementary activation of CTSB, and CTSB overexpression did not affect autophagic clearance. (A to D) 3T3L1 sh*Luc* (control), as well as sh*Ctsl*\#1 and sh*Ctsl*\#2 preadipocytes were differentiated at Day 8 and adipocytes were collected. (A to C) Total cell lysates were analyzed by western blotting using anti-CTSL, LC3, SQSTM1, CIDEC and LMNB1 antibodies (A) with quantitative data shown (B and C). Representative images and the quantitative data (n = 4) were shown. Intensity of LMNB1 was used as a loading control (n = 4). (D) Enzymatic assay of CTSB. Values indicate mean ± SD (n = 4). Differences between values were analyzed by the Student *t* test. Statistical significance was shown as \**P*\<0.05, \*\**P*\<0.01. (E to J) 3T3L1 (Mock) or 3T3L1 CTSB (OE) preadipocytes were differentiated into adipocytes at d 8 and treated with 10 μM CA074ME for 24 h. Enzymatic assay of CTSB (E) and CTSL (F) were analyzed by selective substrate. Values indicate mean ± SD. Differences between values were analyzed by Tukey-Kramer method with \**P* \< 0.05, \*\**P* \< 0.01. (G to J) Total cell lysates analyzed by western blot using anti-FLAG, SQSTM1, LC3, CIDEC, CTSL and LMNB1 antibodies (G) with quantitative data shown (H to J). Representative images and the quantitative data (n = 4) were shown. Intensity of LMNB1 was used as a loading control. Values indicate mean ± SD. Differences between values were analyzed by the Student *t* test with \**P* \< 0.05, \*\**P* \< 0.01.

To determine if compensatory activation of CTSB affects autophagy in adipocytes, we analyzed CTSB-overexpressing 3T3L1 adipocytes. CA074ME treatment suppressed increased activity of CTSB in CTSB-overexpressing 3T3L1 adipocytes ([Fig. 5E](#f0005){ref-type="fig"}). Interestingly, CTSB upregulation inhibited CTSL activity and CA074ME treatment ameliorated this reduction in enzymatic activity ([Fig. 5F](#f0005){ref-type="fig"}). However, CTSB activation did not alter expression of LC3-II, SQSTM1 or CIDEC ([Fig. 5G](#f0005){ref-type="fig"} to [J](#f0005){ref-type="fig"}), suggesting compensatory activation of CTSB does not contribute to alteration of autophagy in adipocytes.

Impact of cathepsin derangement on senescence-like changes and inflammasomes in adipocytes {#s0002-0004}
------------------------------------------------------------------------------------------

In human neuroblastoma, CTSL inhibition reportedly causes cellular senescence.[@cit0032] Senescence-like changes observed in obese WAT occur in a TP53-dependent manner.[@cit0011] Moreover, it has been shown that CTSB is responsible for activation of inflammasomes via lysosomal permeabilization[@cit0033] which leads to inflammation in obese WAT.[@cit0006] Therefore, we investigated whether cathepsin derangement in obese WAT is involved in either senescence-like changes or inflammasome activation. In CTSL-knockdown or CTSB-overexpressing 3T3L1 adipocytes, expression of markers for senescence (TP53 and CDKN1A) and inflammasome activation (cleaved CASP1, p10 subunit) were examined by western blotting. Our results indicated CTSL knockdown significantly increased expression of both CDKN1A ([Fig. 6A](#f0006){ref-type="fig"} and [B](#f0006){ref-type="fig"}) and cleaved CASP1 ([Fig. 6A](#f0006){ref-type="fig"} and [C](#f0006){ref-type="fig"}). Treatment with a CTSL inhibitor significantly increased expression of CDKN1A and cleaved CASP1 in a dose-dependent manner (Fig. S8A to C). CTSB overexpression did not enhance expression of CDKN1A ([Fig. 6D](#f0006){ref-type="fig"} and [E](#f0006){ref-type="fig"}), but increased cleaved CASP1 ([Fig. 6D](#f0006){ref-type="fig"} and [F](#f0006){ref-type="fig"}). Expression of TP53 was not detected in either CTSL-knockdown or CTSB-overexpressing 3T3L1 adipocytes. Collectively, these findings suggest the possibility that dysregulation of CTSL and CTSB induces senescence-like features and inflammasome activation in 3T3L1 adipocytes. Figure 6.CTSL knockdown promoted senescence-like changes, and complementary activation of CTSB enhanced inflammasome activity. (A to E) 3T3L1 shLuc (control), as well as sh*Ctsl*\#1 and sh*Ctsl*\#2 preadipocytes were differentiated at Day 8 and adipocytes were collected. Total cell lysates analyzed by western blot using anti-CDKN1A, CASP1 and LMNB1 antibodies (A) with quantitative data shown (B and C). Representative images and the quantitative data (n = 4) were shown. Intensity of LMNB1 was used as a loading control. (D to F) 3T3L1 (Mock) or 3T3L1 CTSB (OE) preadipocytes were differentiated into adipocytes at Day 8. Total cell lysates analyzed by western blot using anti-CDKN1A, CASP1 and LMNB1 antibodies (D) with quantitative data shown (E and F). Representative images and the quantitative data (n = 4) were shown. Intensity of LMNB1 was used as a loading control. Values indicate mean ± SD (n = 4). Differences between values were analyzed by the Student *t* test. Statistical significance shown as \**P* \< 0.05, \*\**P* \< 0.01.

Cellular senescence and inflammasome activation in obese WAT {#s0002-0005}
------------------------------------------------------------

Finally, we investigated senescence-like features and inflammasome activation in obese WAT. In a similar and time-dependent manner to downregulation of CTSL in WAT ([Fig. 3](#f0003){ref-type="fig"}), expression levels of TP53 and CDKN1A protein were significantly increased in both 4HFD and 8HFD groups ([Fig. 7A](#f0007){ref-type="fig"} to [C](#f0007){ref-type="fig"}), and *Cdkn1a* mRNA levels were significantly increased in the 4HFD, 8HFD and 18HFD groups (Fig. S9). Moreover, expression of pro-CASP1 (45 kDa) and cleaved CASP1 was significantly increased in 8HFD and 18HFD animals ([Fig. 7A, D](#f0007){ref-type="fig"} and [E](#f0007){ref-type="fig"}). Figure 7.Cellular senescence and inflammasome activation in obese WAT. Total protein extracted from WAT of ND, 4HFD, 8HFD and 18HFD mice analyzed by western blot using anti-TP53, CDKN1A, CASP1, and GAPDH antibodies (A) with quantitative data shown (B to E). Representative images and the quantitative data (n = 4) were shown. Intensity of GAPDH was used as a loading control. Values indicate mean ± SD (n = 4). Differences between values were analyzed by the Student *t* test with Bonferroni correction. Statistical significance shown as \**P* \< 0.05, \*\**P* \< 0.01.

Discussion {#s0003}
==========

Alteration of autophagic machinery in obese WAT {#s0003-0001}
-----------------------------------------------

Several studies have demonstrated that obesity affects autophagic machinery. For example, obesity suppresses autophagy via downregulation of ATG7 in the liver, where autophagic dysfunction contributes to deterioration of ER stress responses and insulin resistance.[@cit0035] Although, autophagic flux in β cells appears to be enhanced as an adaptive response against HFD-induced insulin resistance.[@cit0036] Yoshizaki et al. conclude that autophagy in WAT is suppressed in diet-induced obese mice.[@cit0019] In contrast, Jansen et al. report that autophagy activity is enhanced in WAT of obese individuals.[@cit0028] Generally, in vivo autophagy analysis has been performed by morphological observation using electron microscopy. However, this method is insufficient as autophagosomes increase whenever autophagic flux is either promoted or suppressed.[@cit0017] Here, we applied ex vivo analysis of autophagic flux in obese WAT. A careful evaluation of autophagy is required because a considerable amount of stress is placed on WAT explants during performance of ex vivo LC3-II or SQSTM1 turnover assays. Moreover, SQSTM1 protein is involved in various cellular functions by interacting with many proteins such as KEAP1 and NFE2L2/NRF2, as well as TRAF6 and NFKB1.[@cit0025] Therefore, it is important to investigate and carefully evaluate alterations of autophagy in obese WAT. Here we show that in WAT of HFD-induced obese mice, autophagosome formation was accelerated but autophagic clearance was impaired due to lysosomal dysfunction, leading to autophagosome accumulation. In fact, treatment with chloroquine or E64-d dramatically increased protein expression of both LC3-II and SQSTM1, suggesting lysosomal impairment enhances autophagosome formation.[@cit0038] Moreover, knockdown of ATP6V0C (ATPase H^+^ transporting V0 subunit c), a V-ATPase subunit that regulates lysosomal acidification, increases autophagosome accumulation both at basal levels and at low bafilomycin A~1~ (BAF) concentrations.[@cit0039] These results support our data indicating lysosomal dysfunction promotes autophagosome formation and accumulation in obese WAT.

Functional impairment of lysosomes observed in obese WAT involves dysregulation of both CTSL and CTSB {#s0003-0002}
-----------------------------------------------------------------------------------------------------

CTSL and CTSB, both of which are ubiquitously expressed, are a cysteine endopeptidase and exopeptidase, respectively. While CTSB-deficient mice do not exhibit a characteristic phenotype,[@cit0040] CTSL-deficient mice exhibit skin abnormalities and impaired bone development.[@cit0041] Double CTSL- and CTSB-deficient mice have a lifespan of 2 to 4 wk and exhibit early-onset postnatal brain atrophy.[@cit0042] However, no previous report has indicated whether these deficiencies affect WAT function. CTSL is synthesized as pro-CTSL (39 kDa), and then shuttled to the endosome and then lysosome, where it is processed into mature CTSL (30 kDa) in an acidic environment.[@cit0029] CTSB, which is synthesized as pro-CTSB (44 kDa) and then subsequently processed into mature CTSB (33 kDa),[@cit0029] is far more stable than CTSL under neutral conditions.[@cit0044] In this study, we found mature CTSL expression and its activity were significantly reduced in WAT of both HFD-induced obese mice and ob/ob mice. In contrast, mRNA and pro-CTSL protein expression increased significantly, suggesting its compensatory transcriptional activation occurs with impairment of CTSL maturation in obese WAT. Generally, cathepsin maturation is regulated by lysosomal acidic pH, other proteases like CTSD, and endogenous cathepsin inhibitors including cystatins, thyropins and serpins.[@cit0045] Oxidative stress induces lysosomal instability and membrane permeabilization.[@cit0046] Moreover, in trabecular meshwork cells, oxidative stress decreases both cathepsin activity and lysosomal acidity, resulting in decreased autophagic flux.[@cit0047] When HFD mice were treated with an antioxidant, N-acetylcysteine, CTSL maturation was significantly restored; although, CTSL enzymatic activity was not (data not shown). In autolysosomes derived from livers of ob/ob mice, lysosomal acidity is significantly reduced and enzymatic activities of both CTSB and CTSL are suppressed.[@cit0048] Furthermore, a mutation in PSEN1 (presenilin 1), a pathogenic gene associated with familial Alzheimer disease, causes lysosomal alkalization following reduction of CTSD maturation. These cells also exhibit accumulation of both LC3-II and SQSTM1 proteins.[@cit0049] In addition, the MHC class II-associated p41 invariant chain fragment selectively inhibits CTSL activity.[@cit0050] Therefore, it is important to consider the possibility that both lysosomal acidifying agents and endogenous CTSL inhibitors (such as PSEN1 and p41 invariant chain fragment, respectively) have predominant roles in CTSL dysfunction in obese WAT.

Based on in vitro experiments using cathepsin inhibitors and genetic knockdown, our findings also suggest CTSL inhibition induces compensatory transcriptional upregulation and enzymatic activation of CTSB in 3T3L1 adipocytes and obese WAT. In the brain tissue of mice with Niemann--Pick type C disease, expression of mature protein forms for both CTSB and CTSD are upregulated with accumulation of autophagosomes and ubiquitinated proteins.[@cit0051] Hannaford et al. report upregulated expression levels of both *Ctsl* and *Ctsb* mRNA, pro- and mature proteins in obese WAT, particularly within stromal vascular fractions.[@cit0052] Our findings about CTSB in WAT of HFD mice are similar, with the exception of our result indicating that mature CTSL protein is downregulated. While we do not know the reason for this discrepancy, we confirmed a reduction in CTSL enzymatic activity was present in WAT of both HFD and ob/ob mice. Based on our data, enzymatic activity of CTSL may be suppressed by oxidative stress, lysosomal pH acidifying factors and/or endogenous CTSL inhibitors, as previously mentioned. At this point, compensatory upregulation of mature CTSB proteins and its enzymatic activation occurs in WAT of HFD mice. In contrast, only an induction of CTSB activity was detected in ob/ob mice. In general, maturation of cathepsin is regulated by other cathepsins.[@cit0045] Our data, therefore, suggests that enhanced compensatory upregulation or enzymatic activation of CTSB promotes CTSL cleavage, resulting in further suppression of CTSL enzymatic activity. Furthermore, the mechanism of these compensatory reactions may differ among underlying causes of obesity, for example, HFD-induced or genetic. We could confirm here that CTSL dysfunction directly caused accumulation of autophagosomes and compensatory activation of CTSB only in vitro using *Ctsl* knockdown 3T3-L1 cells. Therefore, further examination is necessary to demonstrate a direct link between CTSL dysfunction and the subsequent responses in vivo.

Activation of cellular senescence and inflammasomes via lysosomal dysfunction in obese WAT {#s0003-0003}
------------------------------------------------------------------------------------------

Senescence-associated phenotypes, including activation of SA-GLB1, are reportedly promoted in a TP53-dependent manner in obese WAT.[@cit0011] We show here that inhibition of CTSL by either chemical inhibitor or genetic knockdown increases expression of CDKN1A in differentiated 3T3L1 adipocytes. In obese WAT, maturation of CTSL was impaired, its enzymatic activity was lowered, and expression of TP53 was increased. Generally, the TP53-CDKN1A and CDKN2A/p16 pathways regulate cellular senescence independently;[@cit0053] however, senescence regulated by the TP53-CDKN1A pathway is more dominant.[@cit0054] Thus, we concluded that impairment of CTSL maturation and/or reduction of its enzymatic activity promotes cellular senescence in obese WAT. Moreover, dysregulation of CTSL induces compensatory upregulation of CTSB expression, leading to activation of inflammasomes. In fact, expression of IL1 (interleukin 1), IL6, and CCL2 was upregulated when autophagosomes were accumulating in obese WAT.[@cit0019] Similarly, we found expression levels of both TNF and SERPINE1 (serpin family E member 1) increased in differentiated 3T3L1 adipocytes when lysosomal activity was inhibited with BAF (data not shown). Therefore, we suggest lysosomal dysfunction triggers upregulation of inflammatory cytokines via inflammasome activation in obese WAT.

In conclusion, we demonstrated impairment of lysosomal clearance in obese WAT, resulting in autophagosome accumulation. This effect is attributable to lysosomal dysfunction, as represented by CTSL inhibition and compensatory activation of CTSB. Lysosomal dysfunction also induces senescence-like changes and inflammasome activation in obese WAT, leading to disturbances in adipocyte homeostasis. Our results provide novel insight into early pathologies of obese WAT. To clarify valuable therapeutic strategies for obesity, further analyses concerning lysosomal dysfunction and dysregulation of CTSL and CTSB are required.

Materials and methods {#s0004}
=====================

Animals and diets {#s0004-0001}
-----------------

Experiments using mice were conducted in accordance with provisions of the Ethics Review Committee for Animal Experimentation at the Tokyo University of Science. Male C57BL/6 mice (3 wk old) were purchased from CREA Japan and maintained in temperature-controlled, specific pathogen-free conditions with 12-h light/dark cycles within the animal facility at Tokyo University of Science. In the first experiment, male C57BL/6 mice at 4 wk of age were randomly divided into 2 groups: normal diet (ND; Nosan) and high fat diet (HFD; CREA, HFD32). After 18 or 30 wk, mice were killed and epididymal WAT was collected. In the second experiment, male C57BL/6 mice (4 wk of age) were randomly divided into 4 groups: ND, 4HFD, 8HFD and 18HFD. The last 3 groups were provided HFD for 4, 8 or 18 wk before euthanasia, respectively; whereas, ND mice were provided ND throughout their lives. After 22 wk, all 4 groups of mice were killed and epididymal WAT was collected. In the third experiment, male C57BL/6 mice (5 wk of age) and ob/ob mice (5 wk of age) were purchased from Charles River Laboratories Japan (Yokohama, Japan). At 6 wk of age, ob/ob mice were randomly divided into 2 groups: ND and HFD. C57BL/6 mice were provided ND throughout their lives, as control. At 10 wk of age, all 3 groups of mice were killed and epididymal WAT was collected.

Ex vivo experiment {#s0004-0002}
------------------

Ex vivo analyses were performed as described previously.[@cit0027] Briefly, WAT explants from ND mice or 30-wk-old HFD mice were minced into small tissue fragments and preincubated for 1 h in Dulbecco\'s modified Eagle\'s medium (Wako, 041--29775) supplemented with 10% fetal bovine serum (Bovogen Biologicals, SFBS-F) and 1% penicillin/streptomycin (Sigma-Aldrich, P0781) in a humidified incubator (37°C, 5% CO~2~). After preincubation, samples were incubated for an additional 24 h in the same medium with or without 10 μM chloroquine (Wako, 038--17971) or 500 nM rapamycin (LC Laboratories, R5000). Samples were then collected and western blotting was performed.

Reagents {#s0004-0003}
--------

CTSL inhibitor (Z-FY-CHO; sc-3132) was purchased from Santa Cruz Biotechnology. E64-d (4321-v), pepstatin A1 (4397-v), CA074 (4322-v) and CA074ME (4323-v) were purchased from Peptide Institute.

Cell culture and differentiation {#s0004-0004}
--------------------------------

3T3-L1 preadipocytes were purchased from RIKEN Bioresource Center (Ibaraki, Japan) and were maintained in Dulbecco\'s modified Eagle\'s medium (low glucose) (Wako, 041--29775) with 10% fetal bovine serum and 1% penicillin/streptomycin (Sigma).[@cit0055] Differentiation of 3T3-L1 preadipocytes to adipocytes was performed as previously reported by our laboratory.[@cit0055]

Vector construction {#s0004-0005}
-------------------

pMXs-neo-mU6 vector was constructed as previously reported.[@cit0055] We designed a mouse *Ctsl* shRNA expression vector based on target sequences for effective CTSL protein knockdown, also as previously reported.[@cit0056] Oligonucleotides for sh*Ctsl* and shRNA for the firefly luciferase (*Photinus pyralis*) control (sh*Luc*) were chemically synthesized (Operon Biotechnology), with sequences listed in Table S1. For our *Ctsb*-overexpression vector, *Ctsb* cDNA was amplified from a *Ctsb* vector (Addgene, 11249; deposited by H. Choe) by PCR using PrimeSTAR® HS DNA polymerase (Takara, R010A) and then subcloned into Xho1- and Not1-digested pMXs-AMNN-Puro vector.[@cit0054] Oligonucleotide primers for *Ctsb* were chemically synthesized as follows: 5′-GGG*CTCGAG*CACCATGTGGCAGCTCTGGGCC-3′ (Xho1) and 5′-GCC*GCGGCCGC*TTA[CTTATCGTCGTCATCCTTGTAATC]{.ul}GATCTTTTCCCAGTACTGATCGGTG-3′ (Not1), with restriction enzyme sites indicated in italics and antisense of FLAG-tag coding sequences underlined.

CTSL knockdown and CTSB overexpression in 3T3L1 {#s0004-0006}
-----------------------------------------------

For CTSL knockdown, mock (sh*Luc*) and 2 CTSL-knockdown 3T3L1 cell lines (sh*Ctsl*\#1 and sh*Ctsl*\#2) were generated using a retroviral system with pMXs-neo-mU6 vector, as previously reported.[@cit0055] For CTSB overexpression, mock and CTSB-overexpressing 3T3L1 cell lines (CTSB \[OE\]) were generated using a retroviral system with pMXs-Puro-AMNN vector. Preadipocyte cell lines were differentiated into mature adipocytes as previously reported.[@cit0020] Day 8 to 12 3T3L1 adipocytes, which were fully differentiated with accumulated TG, were used in this study.

Western blot analysis {#s0004-0007}
---------------------

Western blotting with Immunostar® LD chemiluminescent substrates (Wako, 290--69904) was performed. Signals were detected with an LAS-3000 image analyzer (Fujifilm, Tokyo, Japan) and analyzed using Multigauge software (Fujifilm) as described previously.[@cit0020] LC3 (PM036), SQSTM1 (PM045), ATG5 (M153--3), BECN1 (PD017) and LMNB1/Lamin B1 (PM064) were purchased from MBL. LAMP2 (ab13524), CTSB (ab58802), CTSL (ab133641), TFEB (ab2636) and CIDEC (ab16760) were purchased from Abcam. CDKN1A (sc-397) and CASP1 (sc-514) were purchased from Santa Cruz Biotechnology. FLAG M2 (F1804) and ACTB/β-actin (A1978) were purchased from Sigma-Aldrich. TP53 (OP03) was purchased from Millipore. GAPDH (010--25521) was purchased from WAKO.

Cathepsin activity assay {#s0004-0008}
------------------------

Cathepsin activity was assayed fluorometrically with Z-Arg-Arg-MCA (Peptide Institute, 3123-v) for CTSB and Z-Phe-Arg-MCA for CTSL (Peptide Institute, 3095-v), as previously reported.[@cit0057] Briefly, WAT or cell pellets were resuspended in lysis buffer (352 mM KH~2~PO~4~, 48 mM Na~2~HPO~4~, 4 mM EDTA, pH 6.0) and incubated on ice for 60 min before centrifugation for 10 min at 2,100 ×g. Supernatant was collected and protein concentrations were determined with a BCA kit (Pierce, 23225). Supernatant was then added to the reaction buffer (4 mM DTT in lysis buffer) as an assay buffer.

***CTSB activity***. A total of 100 μL assay buffer (containing 1 μg of protein) was mixed with 100 μL substrate buffer (10 μM Z-Arg-Arg-AMC diluted in 0.1% Brij 35; Sigma, B4184) and incubated at 37°C for 30 min. Fluorescence was measured using a Wallac ARVO MX/Light 1420 Multilabel/Luminescence Counter (PerkinElmer, Waltham, MA, USA) with an excitation/emission of 360/460 nm.

***CTSL activity***. A total of 100 μL assay buffer (containing 10 μg of protein) was mixed with 100 μL substrate buffer (10 μM Z-Phe-Arg-AMC and 10 μM CA074) and incubated at 37°C for 30 min. Fluorescence was measured as described above.

Quantitative real-time RT-PCR {#s0004-0009}
-----------------------------

Quantitative real-time RT-PCR was performed using a CFX Connect™ Real-Time PCR System (Bio-Rad, Hercules, CA, USA) with SYBR® Premix ExTaq™II (Takara, RR820B), as described previously.[@cit0020] The following primers were used: *Ctsl* (forward) 5′-TCG GTG ACA TGA CCA ATG AG-3′, (reverse) 5′-CAC ACA ACC CTT TTC TCT CCA G-3′; *Ctsb* (forward) 5′-CAT GAC AAG CCT TCC TTC CAC-3′, (reverse) 5′-ATT GTT CCC GTG CAT CAA AG-3′; *Lc3b* (forward) 5′-CCA GTG ATT ATA GAG CGA TAC AAG G-3′, (reverse) 5′-AAG AAG GCT TGG TTA GCA TTG AG-3′; *Sqstm1* (forward) 5′-GAA GCT GAA ACA TGG ACA CTT TG-3′, (reverse) 5′-CAT TGG GAT CTT CTG GTG GAG-3′; *Cdkn1a* (forward) 5′-AGT ACT TCC TCT GCC CTG CTG-3′, (reverse) 5′-GCG CTT GGA GTG ATA GAA ATC TG-3′; *Lamp1* (forward) 5′-TCA GCA TCT CCA ACC ATT CAC-3′, (reverse) 5′-TGAACACACTCTTCCACAGACC-3′; *Tbp* (forward) 5′-CAG TAC AGC AAT CAA CAT CTC AGC-3′, (reverse) 5′-CAA GTT TAC AGC CAA GAT TCA CG-3′; *Rps18* (forward) 5′-TGC GAG TAC TCA ACA CCA ACA T-3′, (reverse) 5′-CTT TCC TCA ACA CCA CAT GAG C-3′.

Statistical analyses {#s0004-0010}
--------------------

Statistical analyses were performed using the Tukey--Kramer test (with R software) or the Student *t* test (with or without Bonferroni correction). Data are presented as mean ± standard deviation (SD). *P* values \< 0.05 were considered to be statistically significant.
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Abbreviations
=============

ACTB/β-actin

:   actin, β

ATG

:   autophagy related

BECN1

:   Beclin 1

CASP

:   caspase

CCL2

:   C-C motif chemokine ligand 2

CIDEC

:   cell death-inducing DFFA-like effector c

CTSB

:   cathepsin B

CTSD

:   cathepsin D

CTSL

:   cathepsin L

EDTA

:   ethylenediaminetetraacetic acid

ER

:   endoplasmic reticulum

GAPDH

:   glyceraldehyde-3-phosphate dehydrogenase

HFD

:   high fat diet

IL

:   interleukin

LAMP

:   lysosomal associated membrane protein

LEP

:   leptin

LMNB1

:   Lamin B1

MAP1LC3A/B/LC3A/B

:   microtubule associated protein 1 light chain 3 α/ β

MTORC1

:   mechanistic target of rapamycin complex 1

ND

:   normal diet

PCR

:   polymerase chain reaction

PYCARD/ASC

:   PYD and CARD domain containing

ROS

:   reactive oxygen species

RT-PCR

:   reverse transcription polymerase chain reaction

SA-GLB1/SA β-gal

:   senescence-associated galactosidase β 1

SERPINE1

:   serpin family E member 1

shRNA

:   small hairpin RNA

SQSTM1

:   sequestosome 1

TFEB

:   transcription factor EB

TG

:   triacylglycerides

TNF

:   tumor necrosis factor

TP53

:   tumor protein 53 (note that the mouse nomenclature is TRP53 and rat nomenclature is TP53, but we use TP53 to refer to both human and murine genes/proteins for simplicity)

WAT

:   white adipose tissue
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